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Abstract: Large scale molecular dynamics simulations of bulk melts of polar (poly(vinylidene fluoride) (pVDF))
polymers are utilized to study chain conformation and ordering prior to crystallization under cooling. While the
late stages of polymer crystallization have been studied in great detail, recent theoretical and experimental
evidence indicates that there are important phenomena occurring in the early stages of polymer crystallization
that are not understood to the same degree. When the polymer melt is quenched from a temperature above the
melting temperature to the crystallization temperature, crystallization does not occur instantaneously. This
initial interval without crystalline order is characterized as an induction period. It has been thought of as a
nucleation period in the classical theories of polymer crystallization, but recent experiments,’ computer
simulations,” and theoretical work® suggest that the initial period in polymer crystallization is assisted by a
spinodal decomposition type mechanism. In this study we have achieved physically realistic length scales to
study early stages of polymer ordering, and show that spinodal-assisted ordering prior to crystallization is
operative in polar polymers suggesting general applicability of this process.
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1. Introduction

One of the most challenging problems in polymer physics is understanding the dynamics and
thermodynamics of polymer crystallization. When the polymer melt is quenched from a temperature above
the melting temperature to the crystallization temperature, crystallization does not occur instantaneously.
This interval without crystalline order is characterized as an induction period. Imai and coworkers
performed a detailed investigation of this induction period via small angle x-ray scattering (SAXS)
experiments of poly(ethylene terephthalate) (PET). They have shown that density fluctuations occur in the
induction period. Inspired by the work of Imai,* Olmstead and coworkers® proposed a generalized phase
diagram that describes the polymer crystallization from the melt. This phase diagram suggests that there are
three types of primary nucleation: direct, binonal and spinodal.’

In this study we focus on the spinodal-type primary nucleation. The observation of an induction period
in experiments is highly dependent on the sensitivity of the detector,’ therefore molecular dynamics (MD)
simulations are an excellent tool to probe the length scales of this process. Increased computational power
has helped to achieve realistic length scales in molecular dynamics simulations that are necessary to probe
the early stages of primary nucleation® and test theoretical predictions.’

The purpose of this study is to demonstrate general applicability of spinodal-type primary nucleation
prior to crystallization via simulations and to obtain physical insight in polymer ordering prior to
crystallization upon deep quench.



2. Computational Methods

2.1 pVDF Melt Representation and Force Fields

MD simulations of the polymer melts were carried out on bulk entangled amorphous ensembles of both
explicit atom (EA) and united-atom (UA) linear polymers. The simplified UA model affords the
investigation of a much larger polymer ensemble as compared to explicit atom representations, thus
allowing one to resolve the important SAXS peaks identifiable experimentally. The polymer melt is
composed of either ten 120-mer polymer (240 backbone carbons) EA chains (7,220 explicit-atoms;
M,=7,682 g/mol), or 8,640 240-bead polymer chains (2,073,600 united-atoms; M,,=7,682 g/mol). The
polymer models are representative of poly(vinylidene fluoride) (pVDF). In the UA polymer models, the
hydrogen or fluorine atoms are lumped onto the carbon backbone atoms to which they are attached. The
EA simulations employed the COMPASS' force field parameter set, while the UA simulations employed
the force field parameter set of Goddard et al.* * The force field parameters consist of both valence (stretch,
bending, and torsion terms) and non-bonded potential terms (vdW and Coulomb). All valence degrees of
freedom were explicitly treated and unimpeded.

2.2 Molecular Dynamics Method

Molecular dynamics is a widely used method in the investigation of various physical processes related to
the dynamics of macromolecules (e.g. deformation of solids, polymer crystallization, aging in supercooled
liquids, motion of biomolecules). MD provides static and dynamics properties for a collection of particles,
which allow atomic scale insights that are difficult to gain otherwise.

We used three-dimensional cubic periodic boundary conditions. The simulations were carried out using
constant particle number, pressure, and temperature (NP7) dynamics at zero pressure. All computations
were carried out using the LAMMPS code.'’ The particle-particle particle-mesh Ewald (PPPM) method'*
was used for the treatment of long-range electrostatic interactions.

The polymer melts were initially equilibrated at a temperature well above the temperature at which
ordering occurs, T.. The periodic box was allowed to relax under NPT conditions for a minimum of 5 ns.
Following this equilibration step, the melts were cooled in NPT runs in increments of 50 K and equilibrated
for a minimum of 5 ns at temperatures above T.. For the temperature at which the polymer melts order, the
simulations were carried out for more than 30 ns.

3. Results and Discussions

Figure 1 demonstrates that a microphase separation from the amorphous melt into many ordered liquid
domains occurs very early in the simulations for both EA and UA polymer melt models.

We next turn our attention to the process of nucleation and growth, and the question of why the pVDF
forms three-dimensional ordered structures. The overall evolution of the orientationally ordered structure of
pVDF is easily identified by comparing the initial starting configuration (Figure 2a) of the polymer melt to
the final orientationally ordered structure (Figure 2e). The nucleation and growth process is illustrated for
the ten chain 120-mer ensemble in Figure 4a-e, where snapshots of the chain conformation at various times
throughout the simulation (t = 5, 7.5, 10, and 15 ns) at a temperature above T, (panel a-c) and at a
temperature at T, (panel d-e). The melt-to-crystal phase transition occurs via an effective three stage
process, consisting of first, local chain ordering, in which random sequences of the polymer backbone form
small all trans segments on the order of two or three trans conformations ( “extended trans sequence
Jformation”), second, cluster formation, in which the randomly oriented small frans segments aggregate
(“cluster formation”), and third, a stage which primarily consists of stem growth (gauche defect removal),
polymer chain registration, and “lamella” thickening ( “growth ). It is during this stage that the frans states
become increasingly populated, and the polymer disentangles itself.
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Figure 1. Snapshots from MD simulations showing the evolution of ordered domains of UA pVDF
(at times of 2, 4, 6, 10, and 31.2 ns, panels (a)-(f), respectively. Only oriented domains (OD) are
shown (the unordered domains (UOD) (amorphous regions) are shown in white.
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Figure 2. Illustration of the time evolution of EA pVDF ordering. (a) initial starting configuration at
50 K above T,, (b) after 2.5 ns at 50 K above T, (c) after 5 ns 50 K above T, (d) after 2.5 ns at T, (e)
after 5 ns at T.. “Loops” into and out of the ordered domains and “amorphous” regions are colored
purpule. Only the carbon backbone atoms are shown for clarity. Chain segments colored read and
yellow illustrate the polycrystalline nature of the ensemble. Time labels are for the total simulation
time.

Figure 3a shows the evolution of the structure factor S(g,?) for UA pVDF. S(g,?) shows three distinct peaks
that increase in magnitude during the simulations. Those peaks are: the induction peak, long peak and
Bragg peak. Experimentally, the induction and long peak are observed via small angle x-ray scattering and
the second-order Bragg peak is observed in wide angle x-ray scattering (WAXS). The induction peak is
related to density fluctuations of the rigid segments. The long peak is related to alternating unordered and
ordered domains. The second-order Bragg peak, which corresponds to the nearest-neighbor packing
distance between polymer chains, is related to densification of the system and transition from unoriented to
oriented domains.

In order to demonstrate that we observe a spinodal-assisted ordering process we calculate the growth rate
R(q) from S(q,t) L S(q,0)exp[2R(g)t] for UA pVDF melts. R(q) is a central quantity in the Cahn-Hilliard
theory of spinodal decomposition,'® and according to this theory, density fluctuations grow exponentially
for a liquid undergoing a demixing instability. Figure 2b shows a Cahn plot (R(g)/q" versus ¢°) for UA



pVDF. The linear behavior with a negative slope observed in R(g) for the polymer melts suggests that
spinodal-assisted ordering prior to crystallization.
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Figure 3. Evolution of the structure factor S(q) for UA pVDF (panel a). The induction, long and
Bragg peaks increase during the simulation. The induction peak merges with the long peak
suggesting that spinodal-assisted ordering is completed. The inset shown the time evolution of the
second-order Bragg peak. Panel » shows the Cahn-Hilliard plot derived from the early stages of the
nucleation process in the polymer crystallization simulations for pVDF. The solid lines are a fit to
the data. The linear nature of the plot demonstrates the presence of a spinodal-assisted crystallization
process in undercooled polymer melts.

In order to characterize structural evolution of S(g,?) , we calculated the integral of S(g,#) in the g-range
(0.027,0.05) (integrated induction peak) and (0.05-0.1) (integrated long peak), and time evolution of the
second-order Bragg peak location. Figure 4a shows the time dependence of the integrated induction peak
and the integrated long peak for UA pVDF. The integrated induction peak grows in time until
approximately 15 ns and saturates after this time, while the integrated long peak grows in time during the
entire simulation. This suggests that spinodal-assisted ordering prior crystallization is completed after
approximately 15 ns, and ordered domains continue to grow throughout the simulation. Figure 4b shows
the time evolution of the second-order Bragg peak location, converted to an effective interchain distance, d.
The abrupt change in d at approximately 10 ns for UA pVDF indicates a phase transition between
unoriented and oriented domains.
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Figure 4. The time evolution of integrated intensity of the small-angle scattering peaks [S(q,?)
integrated for g values as labeled] are shown in for UA pVDF (panel a). The time evolution of the

second-order Bragg peak location, converted to an effective interchain distance, d, for UA pVDF
(panel b).

4. Conclusions
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In this paper we presented a study of polar pVDF polymer melt properties upon undercooling. We find that
polymer chains cooled from the melt attain critical rigid stem lengths, and illustrate the mechanism by
which ordering occurs. Further, we provide evidence that ordering is a spinodal-assisted nucleation and is
driven by the growth of rigid segments. The spinodal-assisted nucleation is demonstrated showing the
linearity of the growth rates in the Cahn-Hiliard plots. The detailed comparison of spinodal-assisted
nucleation of both polar and non-polar polymer melts will be presented elsewhere.
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